Lipopolysaccharide (LPS)-mediated endothelial activation contributes to lung inflammation and alveolar remodeling seen in premature infants with bronchopulmonary dysplasia (BPD). The mechanisms underlying LPS-mediated oxidative stress and proinflammatory signaling in human pulmonary microvascular endothelial cells (HPMEC) remain unclear. We hypothesized that NADPH oxidase (Nox) mediates LPS-induced endothelial activation in HPMEC by regulating phosphorylation of Toll-like receptor (TLR) pathway proteins. LPSinduced expression of intercellular adhesion molecule 1 (ICAM-1) was associated with increased 2-OH-E ϩ (marker for superoxide formation) levels and was attenuated by apocynin and the Nox inhibitor, VAS2870. LPS triggered membrane translocation of p67phox, suggesting activation of Nox2. Silencing Nox2, but not Nox4, suppressed LPS-induced ICAM-1 expression in HPMEC. Immunoprecipitation studies showed that inhibitor of -B kinase-␤ (IKK-␤) serine phosphorylation induced by LPS was inhibited by Nox2 silencing. We examined whether Nox2-dependent, LPS-mediated IKK-␤ phosphorylation was regulated by protein phosphatase 2A (PP2A) or TGF-␤ associated kinase-1 (TAK1) in HPMEC. LPS increased PP2A activity in HPMEC, and inhibition of PP2A did not alter LPS-mediated ICAM-1 expression but attenuated IKK-␤ phosphorylation. TAK1 inhibition decreased LPS-induced ICAM-1 expression in HPMEC, and Nox2 silencing attenuated LPS-mediated TAK1 phosphorylation (Thr184/187). We demonstrate that Nox2 regulates LPS-mediated endothelial activation in pulmonary endothelial cells by modulating phosphorylation of key kinases in the TLR signaling cascade. Our data support a novel mechanism by which Nox-dependent signaling regulates proinflammatory signaling in pulmonary endothelial cells. Inhibition of vascular Nox may potentially limit lung injury and alveolar remodeling caused by infections in BPD.
lipopolysaccharide; lung endothelial cells; NADPH oxidase 2; intercellular adhesion molecule-1; inhibitor of -B kinase-␤ phosphorylation; TGF-␤ associated kinase-1 BRONCHOPULMONARY DYSPLASIA (BPD), a debilitating lung disease affecting premature infants, remains the major cause of pulmonary morbidity and mortality during infancy (14) . Bacterial inflammation in the saccular lung contributes to vascular remodeling in BPD, characterized histologically by arrested vascular growth with decreased arborizaton and dysmorphic capillaries (56, 57) . Lipopolysaccharide (LPS) derived from bacteria is a potent mediator of endothelial activation; a complex change in the endothelial phenotype is characterized notably by expression of cellular adhesion molecules and cytokines such as intercellular adhesion molecule 1 (ICAM-1), IL-8, and monocyte chemoattractant protein-1, and increased endothelial-leukocyte interactions (3, 58) . LPS-mediated endothelial activation in the lung promotes neutrophil influx, increased vascular permeability, inflammation, and alveolar matrix digestion that contribute to vascular remodeling in BPD (6, 11, 45) . Although it is known that LPS-mediated endothelial injury is associated with increased reactive oxygen species (ROS) formation, the mechanisms underlying LPS-mediated oxidant formation and endothelial activation in pulmonary endothelial cells remain unknown (2, 8, 19) .
NADPH oxidases (Nox) belong to a family of enzymes that generate superoxide (O 2 Ϫ ) by one electron reduction of oxygen using NADPH as an electron donor (5, 28) . The Nox family comprises seven members, with each isoform differing in mode of activation, tissue distribution, and cellular compartmentalization (5, 7, 28) . In endothelial cells, Nox-derived ROS is essential for maintaining endothelial cell phenotype and function, whereas pathological activation of Nox contributes to inflammation and acute lung injury (3, 54) . Ligand-mediated Nox activation in the endothelium requires translocation of cytosolic regulatory subunits to the membrane-bound catalytic complex for Nox2 and Nox1, whereas Nox4 is constitutively active and is regulated at the level of expression (5, 7, 28) . Nox2, Nox4, and Nox1 have been shown to mediate LPS sensitivity in human neutrophils, aortic endothelial cells, and guinea pig gastric cells, respectively (38) . The Nox isoform that mediates LPS-induced endothelial activation in human pulmonary microvascular endothelial cells (HPMEC) remains unknown. Furthermore, the mechanisms by which Nox regulates LPS-induced ICAM-1 expression (a marker of endothelial activation essential for leukocyte transendothelial migration) in HPMEC have yet to be characterized (58) .
In the canonical toll-like receptor (TLR) signaling pathway, LPS-mediated activation of the inhibitor of -B kinase (IKK) complex facilitates degradation of IB with subsequent nuclear translocation of NF-B and induction of the inflammatory transcriptional program (1, 10) . IKK-␤, a catalytic subunit of the IKK complex is responsible for rapid (min) activation of NF-B, whereas IKK-␣-dependent NF-B activation requires hours (15, 48) . Phosphorylation of serine residues 177 and 181 in the activation loop of IKK-␤ results in a conformational change, leading to restoration of kinase activity (13, 21) . Studies using antioxidants and hydrogen peroxide suggest that IKK-␤ phosphorylation in response to inflammatory stimuli is amenable to redox regulation (20, 26, 34) . However, because of the wide-ranging effects of chemicals on cellular signaling, these results have to be interpreted with caution. We hypothesized that LPS-induced endothelial activation is regulated by Nox through posttranslational modifications in TLR signaling pathway kinases. In this study, we demonstrate that Nox2 regulates LPS-induced ICAM-1 expression in HPMEC by facilitating serine phosphorylation of IKK-␤. Furthermore, our data suggests that phosphorylation of TGF-␤ associated kinase-1 (TAK1), a member of the MAPKKK family (MAP3K7), is also modulated by Nox2.
MATERIALS AND METHODS
Cell culture and reagents. HPMEC from ScienCell (Carlsbad, CA) were used between passages 3-4 for all experiments. HPMEC were characterized by presence of reactivity to vWF/Factor VIII and PECAM1 (using immunofluorescence) and by uptake of DiI-Ac-LDL. HPMEC were grown in endothelial cell medium (ECM) supplemented with fetal bovine serum, antibiotics, and endothelial cell growth serum as recommended by the manufacturer (ScienCell) in a humidified incubator containing 5% CO 2 at 37°C. LPS (100 ng/ml) and Apocynin (Apo, 4=-Hydroxy-3=-methoxyacetophenone), a Nox inhibitor, were both from Sigma (St. Louis, MO). VAS2870 [3-benzyl-7-(2-benzoxazolyl) thio-1,2,3,-triazolo (4,5-d) pyrimidine], a reversible Nox inhibitor, was obtained from Vasopharm (kind gift of Dr. Reinhard Schinzel, Würzburg, Germany). Okadaic acid (OA), a protein phosphatase 2A (PP2A) inhibitor, and (5Z)-7-oxozeaenol (iTAK, antibiotic LL Z1640 -2), a TAK1 inhibitor, were both from Santa Cruz Biotechnologies (Santa Cruz, CA). (5Z)-oxozeanol, a compound similar to (5Z)-7-oxozeanol but without kinase activity, was from Upstate Biotechnology (Billerica, MA). For experiments with inhibitors, cells were pretreated with the chemicals for 40 min before the addition of LPS.
Immunoblotting for ICAM-1 expression. Whole cell lysates prepared from HPMEC after various treatments were used. Cells were washed with PBS twice and then lysed in a modified RIPA buffer (10 mM Tris·HCl, pH 7.4, 100 mM NaCl, 0.5% sodium deoxycholate, 1 mM EDTA, 1 mM NaF, 2 mM Na 3VO4, 0.1% SDS, 1% Triton-100, and 10% glycerol) containing commercially available protease inhibitors and phosphatase inhibitors (Sigma). Clarified cell lysates obtained after centrifugation at 13,000 revolution/min for 6 min were used for Western blotting. Protein quantification was done using a BCA protein assay from Thermo Fisher (Rockford, IL) according to the manufacturer's protocol using BSA as a protein standard. Protein (30 g) was resolved using SDS-PAGE, and immunoblotting was done following standard protocol. Blots were incubated overnight at 4°C with mouse anti-ICAM-1 (Santa Cruz Biotechnology, 1:1,000) and mouse anti-␤-Actin (Sigma, 1:5,000). Blots were developed using enhanced chemiluminescence (ECL), and densitometry was performed using ImageJ Software (NIH). ␤-Actin was used for normalization.
Detection of intracellular superoxide formation. O 2 Ϫ levels were quantified using HPLC analysis of 2-hydroxyethidium (2-OH-E ϩ ) formation as described before (60) . Control and LPS-treated cells were incubated in the dark for 30 min with 15 M dihydroethidium from Invitrogen (Carlsbad, CA). Cell pellets obtained by centrifugation were resuspended in 300 l of 1% Triton X-100 in PBS and then lysed. After n-butanol extraction and drying in 100% N 2, sample residues were reconstituted in 100 l of ice-cold 1 M phosphate buffer (pH 2.6), centrifuged, and supernatants transferred to amber-colored HPLC vials. Samples were injected into the HPLC system (Agilent Technologies, Santa Clara, CA) and hydroethidine, ethidium, and 2-OH-E ϩ were separated by a linear increase in CH3CN concentration. Elution was monitored by a UV detector at 210 and 350 nm and a fluorescence detector with excitation and emission at 510 and 595 nm, respectively. The area under the 2-OH-E ϩ fluorescent peaks was measured for each sample and compared with known concentrations of the standard, expressed in pM/mg protein.
Cellular fractions. Detergent-based fractionation was performed using buffers prepared as described before (17) . After two washes with PBS, HPMECs were removed by trypsinization and 500 l of ice-cold cytoplasmic buffer with protease inhibitors was added. The cell suspension was incubated at 4°C while spinning end over end for 1 h, and then centrifuged at 2,000 g to pellet cells and identify the cytoplasmic fraction (supernatant). A sample (400 l) of the membrane buffer was added to the cell pellets and vortexed, incubated on ice for 30 min, and then spun at 7,000 g to pellet the remaining cell fragments and to identify the membrane fraction (supernatant). Finally, 400 l of the nuclear buffer was added to the cell pellets, which were vortexed and then kept on ice for 2 h. The insoluble fraction was pelleted by spinning at 11,000 g, and the nuclear fraction (supernatant) was stored for further analysis. Rabbit anti-Grp94 (Invitrogen, 1:500) and mouse anti-GAPDH (Santa Cruz Biotechnology, 1:1,000) were used to normalize the membrane and whole-cell fractions, respectively, by immunoblotting. Densitometry was performed using ImageJ Software (NIH).
Immunoprecipitation for phosphorylation studies. Cells grown to the 90% confluence in 100-mm dishes had various treatments, including silencing. A sample (500 g) of the protein was incubated with the primary antibody overnight at 4°C and for 2 h with protein A sepharose beads. Upon completion, the beads were washed twice with ice-cold TBS, after which 100 l of TBS and 2ϫ Laemmli buffer was added to each sample, and the beads were boiled for 10 min. Proteins were separated SDS-PAGE gel and blotted for phosphorylated proteins. After the blots were developed using ECL, they were stripped with Restore Plus stripping buffer (Thermo Fisher) and probed with the primary antibody specific to the protein immunoprecipitated. Primary antibodies used for immunoprecipitation were mouse anti-TAK1 (Santa Cruz Biotechnology, 1:500) or mouse anti-IKK-␤ (Santa Cruz Biotechnology, 1:1,000) for TAK1 and IKK-␤, respectively. For experiments with TAK1 phosphorylation, a rabbit anti-p-TAK1 (Cell Signaling, Danvers, MA; 1:500) targeting TAK1 phosphorylated at Thr184/187 was used. When probing for IKK-␤ phosphorylation, a mouse anti-phosphoSerine (Santa Cruz Biotechnology, 1:500) was used. Densitometry was performed using ImageJ Software (NIH), and changes in phosphorylation were normalized for TAK1 or IKK-␤.
siRNA-mediated Nox2 and Nox4 gene silencing. siRNA sequences targeting Nox2 and Nox4 were purchased from Santa Cruz Biotechnology, and transfections were performed as previously reported (32, 33) . For the nonsilenced cells, control siRNA (consisting of scrambled sequence that does not interfere with cellular function) was used (Santa Cruz Biotechnology). Based on the manufacturer's instructions, silencing protocols were modified for 60-mm (ICAM-1 expression) and 100-mm (for phosphorylation studies) culture dishes. Briefly, cells were cultured with antibiotic-free ECM until 60 -80% confluent. The media were then aspirated and cells washed twice with the siRNA transfection medium. The plates were then incubated with either the control or siRNA strand (8 g) in transfection medium and incubated for 16 h. Subsequently, the reagents were aspirated off, and normal ECM was gently put on the plates. The cells were grown for another 48 h and then treated with LPS. Silencing efficiency was determined by PCR (below) and by Western blotting using rabbit anti-Nox 2 (Santa Cruz Biotechnology, 1:500) and rabbit anti-Nox 4 (Santa Cruz Biotechnology, 1:500) antibodies. ␤-Actin was used for normalization and densitometry done using ImageJ Software.
Quantification of ICAM-1, Nox2, and Nox4 mRNA expression using real-time PCR. Total RNA was extracted from HPMEC using the RNeasy Mini Kit from Qiagen (Valencia, CA), and cDNA was synthesized from 1 g of RNA using the iScript cDNA synthesis kit from Bio-Rad (Hercules, CA), according to the manufacturer's instructions. The transcripts were amplified, and the gene expression data were collected with a Bio-Rad IQ5 with SYBR Green Mastermix from Bio-Rad. The primers for Nox2, Nox4, ICAM-1, and GAPDH were obtained from Operon (Huntsville, AL). They consisted of Nox2 (sense CAAGATGCGTGGAAACTACCTAAG, anti-sense TCCC-TGCTCCCACTAACATCA), Nox4 (sense CTGCTGACGTTGCA-TGTTTC, anti-sense TTCTGAGAGCTGGTTCGGTT), ICAM-1 (sense-TATGGCAACGACTCCTTC, anti-sense-CATTCAGCGT- CACCTTG), and GAPDH (sense-GGTGAAGGTCGGAGTCAAC, anti-sense-CAAAGTTGTCATGGATGAC). The primers for Nox1 were purchased from Santa Cruz Biotechnology. GAPDH was used as a housekeeping gene. Relative gene expression of Nox1, Nox2, Nox4, and ICAM-1 were calculated by the traditional 2
Ϫ⌬⌬Ct method (49). PP2A activity in HPMEC. PP2A activity was quantified by measuring the phosphate released from threonine phosphopeptide (KRpTIRR) by PP2A using the PP2A Immunoprecipitation Phosphatase Assay Kit (Upstate Biotechnology). Cells were lysed in modified RIPA buffer containing protease inhibitors, and the protein concentration was quantified using the BCA assay. The manufacturer's protocol was followed with one modification: instead of separate 2-h incubations with protein A agarose beads followed by incubation with the PP2A antibody, we concurrently incubated the cell lysates with both protein A agarose beads and PP2A antibody for 2 h, which resulted in more robust phosphate absorbance values. For experiments that demonstrated inhibition of PP2A activity with OA, OA was added to the beads for 10 min before the addition of the threonine phosphopeptide. PP2A activity was quantified by measuring the absorbance of phosphate released in the reactive system at 650 nm using a microtiter plate reader. Absorbance values for samples were compared with the standard curve, and PP2A activity was expressed in pmol/100 g of protein.
Statistical analysis. Statistical analysis was done using STATA 11 (StataCorp LP, Dallas, TX). Data are presented as means Ϯ SD. P Ͻ 0.05 was considered significant for experiments. For 2-OH-E ϩ measurements, log10 transformed data were compared between LPStreated and control cells using an unpaired t-test. Fold changes in protein levels relative to the untreated, control cells were quantified by densitometry and were compared between various treatments using ANOVA. The Bonferroni test was used in conjunction with ANOVA to perform pairwise comparisons between groups. For mRNA studies, changes in gene expression with various treatments were calculated relative to expression in control cells and compared between different treatment groups using ANOVA. For PP2A activity, mean values for phosphate released were compared using an unpaired t-test.
RESULTS

LPS-mediated superoxide formation and endothelial activation in HPMEC.
We measured 2-OH-E ϩ levels (marker for O 2 Ϫ formation) and ICAM-1 expression in HPMEC to determine whether LPS-induced endothelial activation is associated with increased formation of this oxidant. The oxidation of dihydroethidium to 2-OH-E ϩ was increased by 2.5-fold 1 h after treatment with LPS (Fig. 1, A and B) . This is strongly suggestive of an LPS-dependent increase in the rate of superoxide formation. To assess LPS-mediated endothelial stimulation, we quantified the expression of the endothelial cell adhesion molecule ICAM-1 in HPMEC, as increased expression has been shown to be a marker of pulmonary vascular injury in premature infants at risk of BPD (45) . LPS induced a 14-fold increase in ICAM-1 mRNA expression at 4 h, which waned to fourfold by 24 h (Fig. 1C) . ICAM-1 protein expression was robustly induced greater than fourfold by LPS at 12 h and fivefold by 24 h (Fig. 1, D and E) . These data demonstrate that LPS-mediated endothelial activation in HPMEC and an increase in the cellular superoxide level both occur within a few hours of LPS stimulation. 
Effect of NADPH-oxidase activity manipulation on LPSmediated endothelial activation. To determine whether LPSinduced endothelial activation is Nox dependent, we used complementary approaches (chemical inhibitors and siRNA).
Apocynin, a compound that can quench superoxide or act as a Nox inhibitor, attenuated LPS-mediated ICAM-1 expression by Ͼ50% (Fig. 2, A and C) in HPMEC at 12 h. Because of the variable effects of apocynin on Nox inhibition, we assessed the effect of the novel Nox inhibitor VAS2870 on LPS-mediated endothelial activation in HPMEC (16) . Pretreatment with VAS2870 inhibited ICAM-1 expression induced by LPS by Ͼ50% (Fig. 2, B and C) in HPMEC at 12 h. These experiments suggest that chemical inhibition of Nox activity attenuates LPS-mediated endothelial activation in HPMEC.
Characterization of Nox isoform that mediates LPS responsiveness in HPMEC.
Our initial screen revealed that Nox1, Nox2, and Nox4 were expressed at the transcript level in HPMEC. Nox2 and Nox1 mRNA expression were not significantly different, but Nox4 expression was 3.5-fold higher than Nox2 (Fig. 4A) . To identify the specific isoform of Nox activated by LPS in HPMEC, we examined changes in the cellular compartmentalization of Nox2 and Nox1 cytoplasmic subunits after LPS treatment. Nox4 activation does not involve changes in the intracellular distribution of its subunits. We found that LPS treatment resulted in membrane translocation of p67phox (a subunit of Nox2) at 15 and 30 min (Fig. 3, A and  B) . We did not detect Noxa1, the cytoplasmic subunit of Nox1, in the membrane fraction with or without LPS treatment in HPMEC. To confirm that LPS-mediated endothelial activation in HPMEC is Nox2 dependent, we used siRNA to decrease Nox2 or Nox4 expression before LPS treatment and quantified ICAM-1 expression. We obtained 52% and 54% reduction in mRNA expression of Nox2 and Nox4, respectively, 48 h after silencing with respective oligonucleotides in HPMEC (Fig. 4B) . Correspondingly, there was an ϳ60% decrease in the Nox2 and Nox4 protein after silencing (Fig. 4, C and D) . Inhibition of Nox2 attenuated LPS-induced ICAM-1 expression by ϳ50% in HPMEC at 24 h (Fig. 4, E and F) . Nox4 silencing did not significantly alter LPS-mediated ICAM-1 expression (Fig. 4, E and F) .
Modulation of IKK-␤ phosphorylation with Nox2 silencing. We examined serine phosphorylation of IKK-␤ with or without LPS treatment in HPMEC by immunoprecipitation. LPS induced a 2.7-fold increase in IKK-␤ phosphorylation at 12 min with waning of the effect by 30 min (Fig. 5, A and B) . To determine whether LPS-induced IKK-␤ phosphorylation was Nox2 dependent, we assessed the effect of Nox2 silencing on IKK-␤ phosphorylation. LPS-induced IKK-␤ phosphorylation was attenuated by Ͼ60% with Nox2 inhibition (Fig. 5, C and  D ). These data demonstrate that Nox2 regulates IKK-␤ phosphorylation in response to LPS.
Role of PP2A and TAK1 in LPS-mediated IKK-␤ phosphorylation. To determine whether LPS-mediated IKK-␤ phosphorylation resulted from inhibition of phosphatase activity, we examined PP2A, a serine-threonine phosphatase, which has been reported to regulate IKK-␤ phosphorylation in other cell types (50) . We assessed the effect of LPS and OA (a selective PP2A inhibitor) on PP2A activity in HPMEC. LPS modestly increased PP2A activity by ϳ17% in HPMEC, whereas OA strongly suppressed PP2A activity (Fig. 6A) . Furthermore, to assess whether LPS-mediated ICAM-1 expression and IKK-␤ phosphorylation is regulated by PP2A, we used OA to selectively inhibit PP2A activity. Inhibition of PP2A activity did not alter LPS-induced ICAM-1 expression at 24 h (Fig. 6, B and C) but surprisingly decreased LPS-induced IKK-␤ phosphorylation by ϳ50% in HPMEC (Fig. 6, D and E) , suggesting that PP2A was not a negative regulator of IKK-␤ phosphorylation. Taken together, these experiments refute a direct role for PP2A in regulating LPS-dependent IKK-␤ phosphorylation and ICAM-1 expression in HPMEC.
To assess the role of TAK1 in LPS-induced endothelial activation, we examined the effect of the TAK1 inhibitor (5Z)-7-oxozeaenol on LPS-mediated ICAM-1 expression in HPMEC (37, 59) . ICAM-1 expression induced by LPS was completely suppressed by TAK1 inhibition in a dose-dependent manner (Fig. 7, A and C) . (5Z)-oxozeanol, a compound similar to (5Z)-7-oxozeanol (iTAK) but without kinase activity, did not alter LPS-induced ICAM-1 expression (Fig. 7, B and C) . We then examined whether LPS activated TAK1 in HPMEC. Phosphorylation of TAK1 at threonine residues 184/187 in its activation loop is required for kinase activity (51) . In HPMEC, LPS treatment resulted in rapid induction of TAK1 threonine phosphorylation, which was evident by 3 min, peaked 2.9-fold by 6 min, and waned Fig. 7 . Role of TGF-␤ associated kinase-1 (TAK1) in LPS-induced ICAM-1 expression in HPMEC. A: changes in LPS-induced ICAM-1 expression after 24 h with increasing doses of iTAK were quantified by immunoblotting. B: effect of (5Z)-oxozeanol (negative control, iTAK-NC) on ICAM-1 expression after 24-h LPS treatment was examined by immunoblotting. C: changes in LPS-induced ICAM-1 expression with iTAK and iTAK-NC were quantified by densitometry. *P Ͻ 0.001 (control vs. LPS); **P ϭ 0.04 (LPS vs. 50 nM iTAK); ***P Ͻ 0.001 (LPS vs. 500 nM iTAK); $P ϭ 0.001 (LPS vs. 1 M iTAK), n ϭ 5. D and E: TAK1 phosphorylation (Thr184/187) was quantified by immunoprecipitating TAK1 from control and LPS-treated cells at 3, 6, and 12 min, and immunoblotting with the anti-phosphoTAK1 antibody. Representative blot (D) and collective data from 4 experiments are shown (E). $P ϭ 0.004 (control vs. 3 min LPS); $$P Ͻ 0.001 (control vs. 6 min LPS), n ϭ 4. by 12 min (Fig. 7, D and E) . We then evaluated the effect of Nox2 modulation on LPS-induced TAK1 phosphorylation. Nox2 silencing attenuated TAK1 phosphorylation induced by LPS at 6 min by Ͼ60% (Fig. 8, A and B) . These data suggest that LPS-induced TAK1 phosphorylation is regulated by Nox2 and is temporally associated with Nox2-dependent IKK-␤ phosphorylation (Fig. 9) .
DISCUSSION
The major finding of this study is the identification of a novel mechanism by which LPS-mediated proinflammatory signaling is regulated by Nox-dependent redox signaling in pulmonary endothelial cells (Fig. 9) . We demonstrate that inhibition of Nox alters expression of the endothelial adhesion molecule ICAM-1 in pulmonary microvascular endothelial cells by regulating phosphorylation of TLR pathway proteins (Figs. 5C and 8) . We have identified Nox2 as the isoform of Nox that mediates LPS responsiveness and endothelial activation (Figs. 3 and 4E ) in HPMEC and show that VAS2870 suppresses LPS-mediated inflammation (Fig. 2B) . Furthermore, we demonstrate that LPS-induced IKK-␤ phosphorylation is regulated by Nox2 and is associated with parallel changes in TAK1 phosphorylation (Figs. 5, 7D, and 8 ).
Elucidating the mechanisms by which Nox regulates bacterial endothelial injury could aid the development of pharmacotherapy to treat sepsis-related lung remodeling in preterm infants.
Our data demonstrating an increase in 2-OH-E ϩ formation and ICAM-1 (Fig. 1 ) expression with LPS in HPMEC are consistent with other studies showing a relationship between ROS formation and endothelial inflammation (3, 12) . Multiple sources of endothelial ROS (mitochondrial electron-transport chain, Nox, XO, and uncoupled endothelial nitric oxide synthase) could have contributed to LPS-mediated O 2 Ϫ formation in HPMEC (31) . We therefore used VAS2870 and apocynin to demonstrate that LPS-induced ICAM-1 expression in HPMEC (Fig. 2) is Nox dependent (43, 52, 55) . Although VAS2870 and apocynin may not specifically inhibit only Nox, these results complement our silencing data, indicating that Nox regulates LPS-mediated ICAM-1 expression (16, 53, 55) . In HPMEC, LPS treatment induced membrane translocation of the Nox2 subunit p67phox, and Nox2 silencing attenuated LPS-induced ICAM-1 expression (Figs. 3 and 4) . Whereas Kim et al. (25) showed that Nox2 mediates LPS-induced matrix metalloproteinase expression in Raw264.7 cells, this is the first report of Nox2 regulating endothelial activation in pulmonary endothelial cells. Our data are in contrast with Park et al. (42) , who showed that the carboxyl terminal region of Nox4 directly interacts with TLR4 in HEK293T cells and mediates LPSinduced ROS generation. Because HEK293T cells do not naturally express TLR4 or Nox isoforms other than Nox4, their data establish that TLR receptors can directly interact with Nox proteins. Park et al. (41) also demonstrated that LPS-mediated chemokine expression in human aortic endothelial cells is also Nox4 dependent. However, they did not examine the effect of Nox2 silencing on LPS-induced chemokine expression. In HPMEC, Nox4 silencing did not alter LPS-mediated ICAM-1 expression (Fig. 4E) . Although Miyoshi et al. (36) showed that Nox1 plays a role in LPS-induced tissue factor expression in HUVEC cells, their data suggests that this is IL-8 dependent (36) . Because Nox isoforms exhibit structural homology and similarities in modes of activation, the specific isoform activated by LPS may depend on the cell-and tissue-specific distribution of Nox and the duration of LPS exposure.
IKK-␤ phosphorylation in response to inflammatory stimuli has been shown to be modulated by the extracellular application of antioxidants, hydrogen peroxide, or peroxynitrite, suggesting that it is amenable to redox regulation (26, 30) . However, the mechanisms by which ROS modulate inflammatory signaling in response to cytokines and LPS are not fully understood. In HPMEC, silencing Nox2 attenuated LPS-medi- ated IKK-␤ phosphorylation (Fig. 5) . Our data suggest that Nox2-dependent ROS facilitate IKK-␤ phosphorylation in contrast to Reynaert et al. (46) , who showed that hydrogen peroxide inhibits IKK-␤ phosphorylation. They postulated that oxidation of cysteine-179 in IKK-␤ by hydrogen peroxide interferes with IKK-␤ serine 177/181 phosphorylation or IKK-␤ binding to substrate or accessory proteins (46, 47) . There are potentially many reasons for the differences between our results and their data. The dose of hydrogen peroxide (200 M) used in their study would far exceed the amount of ROS produced by Nox in cells, possibly resulting in contrary effects on IKK activity. Nox-mediated redox signaling is likely to be compartmentalized unlike the more pervasive effects of extracellular application of oxidants. Loukili et al. (34) demonstrated that oxidants increase IKK-␤ phosphorylation in A549 cells if applied after TNF-␣ stimulation, and this is consistent with our data. Our data reveal a novel mechanism of crosstalk between an enzyme that mediates redox signaling and a pivotal kinase in the TLR pathway (Fig. 9) .
IKK-␤ phosphorylation can be regulated by kinases like TAK1, phosphatases like PP2A, or may be autoregulatory (15, 48) . We examined the hypothesis that LPS-mediated Nox2-dependent IKK-␤ phosphorylation in HPMEC resulted from decreased PP2A activity. LPS increased PP2A activity in HPMEC, and inhibition of PP2A attenuated LPS-induced IKK-␤ phosphorylation without altering ICAM-1 expression (Fig. 6) . These data negate a direct role for PP2A in LPSinduced IKK-␤ phosphorylation in HPMEC. PP2A has been previously shown to either facilitate or inhibit IKK-␤ phosphorylation (4, 27, 50). Barisic et al. (4) showed that inhibition of PP2A resulted in persistent IL-1-mediated IKK-␤ phosphorylation, supporting negative regulation of IKK-␤ phosphorylation by PP2A (4). However, Kray et al. (27) demonstrated that TNF-␣-induced degradation of IB was attenuated by OA, which supports positive regulation of IKK-␤ by PP2A and is consistent with our observation that inhibition of PP2A by OA decreases LPS-induced IKK-␤ phosphorylation (27) .
We examined whether LPS-induced IKK-␤ phosphorylation was associated with Nox2-dependent activation of TAK1 activation, a member of the mitogen-activated protein kinase family (24, 29) . LPS-mediated ICAM-1 expression was attenuated by TAK1 inhibition in a dose-dependent manner in HPMEC (Fig. 7A) . Although 5Z-7-oxozeaenol may not specifically inhibit only TAK1, it has been shown to decrease TAK1 activity (37, 59) . Phosphorylation of TAK1 at Thr-187 within its activation loop is required for kinase activity (39, 51) . In HPMEC, LPS-induced TAK1 phosphorylation (Thr184/187) was attenuated by Nox2 silencing (Fig. 8) . To our best knowledge, this is the first report suggesting that TAK1 phosphorylation may be redox regulated (Fig. 9) . TAK1 phosphorylation and activation involve association with TAK1-binding proteins, TAB2/TAB3 in response to cytokines and TAB1 in response to osmotic stress (18, 39, 40, 44) . However, whether ROS regulate ligand-mediated TAK1 phosphorylation has not been examined. Interestingly, in the intestinal epithelium, TAK1 deficiency results in ROS accumulation, suggesting the possible presence of a feedback loop (22) . We have not examined the mechanisms by which Nox2 modulates TAK1 phosphorylation. Possible mechanisms include control of binding between TAB proteins and TAK1, regulation of TAK1 autophosphorylation, and alterations in the balance between kinasesphosphatases that govern TAK1 activity.
In conclusion, we demonstrate that Nox2 regulates LPSmediated IKK-␤ phosphorylation and endothelial activation in HPMEC. Although we present novel data on Nox-dependent regulation of LPS-mediated inflammatory signaling, the mechanisms by which Nox-derived ROS modulate IKK-␤ or TAK1 phosphorylation remain to be clarified. Regulation of IKK-␤ or TAK1 phosphorylation through Nox can potentially serve as a rapid and reversible fine-tuning mechanism by which the cellular oxidative status modulates the magnitude of proinflammatory responses to bacterial ligands. Our data were derived using primary cells in vitro, and as such the clinical significance of these results to lung injury in BPD needs to be determined. Pulmonary endothelial activation has been shown to be a critical event in the pathogenesis of sepsis-induced lung injury in animal models and can contribute to the vascular injury and remodeling seen in BPD (23, 35) . Pharmacological modulation of Nox activity may find use as adjunct therapy to limit lung injury and vascular remodeling in BPD (9) .
